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Although calcium is a critical component in the signal transduction pathways that lead to stress gene expression in higher
plants, little is known about the molecular mechanism underlying calcium function. It is believed that cellular calcium
changes are perceived by sensor molecules, including calcium binding proteins. The calcineurin B–like (CBL) protein family
represents a unique group of calcium sensors in plants. A member of the family, CBL1, is highly inducible by multiple stress
signals, implicating CBL1 in stress response pathways. When the CBL1 protein level was increased in transgenic Arabidop-
sis plants, it altered the stress response pathways in these plants. Although drought-induced gene expression was en-
hanced, gene induction by cold was inhibited. In addition, 

 

CBL1

 

-overexpressing plants showed enhanced tolerance to salt
and drought but reduced tolerance to freezing. By contrast, 

 

cbl1

 

 null mutant plants showed enhanced cold induction and
reduced drought induction of stress genes. The mutant plants displayed less tolerance to salt and drought but enhanced
tolerance to freezing. These studies suggest that CBL1 functions as a positive regulator of salt and drought responses and
a negative regulator of cold response in plants.

INTRODUCTION

 

Plants are constantly bombarded with environmental signals,
some of which cause stress and limit plant growth and devel-
opment. In response to the stress signals, plants activate a
number of defense responses that increase tolerance to the
stress conditions. This inducible adaptation or acclimation pro-
cess has evolved throughout the plant kingdom and is critical
for the survival of all plants. To understand the molecular and
cellular mechanisms underlying stress acclimation and to use
such mechanisms in crop production, recent studies have
made significant progress in dissecting the biochemical and
physiological pathways involved in stress responses. For ex-
ample, a number of metabolic pathways are altered for osmotic
adjustment in response to drought or hyperosmotic stress
caused by high salt or low temperature (Thomashow, 1999;
Shinozaki and Yamaguchi-Shinozaki, 2000; Xiong and Zhu,
2002). Furthermore, a large array of genes is activated by these
stress conditions, so that a number of proteins are produced to
join the pathways that lead to stress tolerance (Ingram and
Bartel, 1996; Bray, 1997; Shinozaki and Yamaguchi-Shinozaki,
1997). These genes often are referred to as “stress genes.” Be-
cause dehydration represents a common stress challenge to
plant cells under drought, salt, and cold conditions, a signifi-
cant overlap has been identified in the repertoire of genes acti-
vated by each of these conditions. Many drought-responsive

genes also are responsive to salt or cold (Shinozaki and
Yamaguchi-Shinozaki, 2000; Xiong et al., 2002). The gene 

 

RD29A

 

(also referred to as 

 

COR78

 

 or 

 

LTI78

 

) is an example of such a
common stress-inducible gene (Shinozaki and Yamaguchi-
Shinozaki, 2000). In addition, both drought and salt conditions
increase the level of the stress hormone abscisic acid (ABA),
which in turn also can activate 

 

RD29A

 

 (and other stress genes).
Molecular dissection of the 

 

RD29A

 

 promoter region has iden-
tified separate 

 

cis

 

-acting elements: DRE (or CRT), which is re-
sponsive to drought, salt, and cold; and ABRE, which is re-
sponsive to ABA (Yamaguchi-Shinozaki and Shinozaki, 1994;
Thomashow, 1999). Corresponding transcriptional factors that
bind to each of these 

 

cis

 

-acting elements also have been iso-
lated (Stockinger et al., 1997; Liu et al., 1998; Choi et al., 2000;
Uno et al., 2000). DREB (or CBF) proteins bind to DRE/CRT ele-
ments and AREB/ABF proteins bind to ABRE. The DREB pro-
teins are classified into two groups, DREB1 and DREB2, which
are induced specifically by cold and drought, and they are
thought to play a role in cold- and drought-induced gene ex-
pression, respectively. Indeed, overexpression of DREB/CBF
proteins activates the expression of many stress genes, includ-
ing 

 

RD29A

 

, and increases stress tolerance in transgenic plants
(Jaglo-Ottosen et al., 1998; Liu et al., 1998; Seki et al., 2001).
These results provide a molecular basis for the regulation of

 

RD29A

 

 gene expression by abiotic stress signals and ABA. To-
gether with stress gene expression in ABA-deficient mutants,
these studies also address the relationship between stress and
ABA in stress gene expression (Thomashow, 1999; Shinozaki
and Yamaguchi-Shinozaki, 2000; Knight and Knight, 2001). In
particular, drought/salt may trigger both ABA-dependent and
ABA-independent pathways leading to the activation of stress
genes, whereas cold signal may be transmitted by an ABA-
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independent pathway because cold does not appear to induce
significant levels of ABA accumulation in plants (Thomashow,
1999; Shinozaki and Yamaguchi-Shinozaki, 2000).

Molecular analysis of the 

 

RD29A

 

/

 

COR78

 

 promoter has made
a critical contribution to our understanding of the mechanism of
stress gene expression. However, little is known about the mo-
lecular pathways that link stress and ABA signals to gene expres-
sion in the nucleus. A number of studies implicate Ca

 

2

 

�

 

 as a sec-
ond messenger in abiotic stress and ABA responses (Sanders et
al., 1999, 2002; Knight and Knight, 2000; Rudd and Franklin-
Tong, 2001). First, increased cellular Ca

 

2

 

�

 

 is a rapid response to
ABA, cold, drought, and salinity (Knight et al., 1996, 1997). Sec-
ond, Ca

 

2

 

�

 

 increase is required for the expression of some
stress-induced genes in plants (Knight et al., 1996). Third, Ca

 

2

 

�

 

increase is sufficient for the activation of a stress gene promoter
(Sheen, 1996). It is generally believed that Ca

 

2

 

�

 

 transmits the
stress signal downstream in the pathway by interacting with
protein sensors. These calcium sensors, such as calmodulin
(CaM), calmodulin domain protein kinases (CDPK), and cal-
cineurin B–like proteins (CBLs), bind Ca

 

2

 

�

 

 and change their
conformation (Zielinski, 1998; Harmon et al., 2000; Luan et al.,
2002; Sanders et al., 2002). Although CDPKs are themselves
protein kinases, both CaM and CBL are small Ca

 

2

 

�

 

 sensors that
do not have apparent enzymatic activities. It is widely accepted
that these small Ca

 

2

 

�

 

 sensors function by interacting with and
regulating the function of their target proteins (Zielinski, 1998;
Luan et al., 2002). Studies have shown that CaM interacts with a
number of proteins, including enzymes, transporters, and struc-
tural proteins. By contrast, CBL proteins interact with and regu-
late the activity of a specific group of protein kinases called
CBL-interacting protein kinases (CIPKs) (Luan et al., 2002).

In the context of stress gene expression, one study has shown
that activation of some CDPK members is sufficient to activate a
stress gene promoter in maize protoplasts under normal condi-
tions, implicating these CDPK members as positive regulators of
stress gene expression (Sheen, 1996). A more recent study pro-
vides evidence that a CaM gene may function as a negative reg-
ulator of stress gene expression because overexpression of the
CaM gene inhibits the cold-induced expression of stress gene
markers (Townley and Knight, 2002). To date, however, the pos-
sible function of Ca

 

2

 

�

 

 sensors in stress gene expression has not
been addressed by genetic analysis of loss-of-function mutants.
Using both overexpression of transgenic plants and loss-of-
function mutants as models, we studied the function of a CBL-
type Ca

 

2

 

�

 

 sensor, CBL1, in stress gene expression and stress
tolerance in plants. This study not only identifies CBL1 as a criti-
cal calcium sensor in abiotic stress responses but also provides
an example of how one Ca

 

2

 

�

 

 sensor can act as both a positive
and a negative regulator in different signaling pathways.

 

RESULTS

CBL1 Is Stress Inducible

 

In a previous study, we showed that the 

 

CBL1

 

 gene transcript is
induced by drought, cold, and wounding (Kudla et al., 1999). Us-
ing affinity-purified CBL1 antibody, we analyzed the protein levels
of CBL1 in Arabidopsis plants treated with various stress condi-

tions and ABA. Figure 1A shows that the accumulation of CBL1,
like its mRNA, was induced by hyperosmotic stress (mannitol),
salt, cold, wounding, and ABA. This finding suggests that stress-
induced transcription of the 

 

CBL1

 

 gene has been translated into a
protein induction that may play a role in stress responses in plants.

We also further addressed the expression pattern of 

 

CBL1

 

 in
different Arabidopsis tissues by reverse transcriptase–medi-
ated (RT) PCR analysis. As shown in Figure 1B, the 

 

CBL1

 

 gene
is expressed during all developmental stages of plants and in
all organs examined.

 

Constitutive Expression of CBL1 Modifies Stress Gene 
Expression under Normal Conditions

 

To determine whether the CBL1 level plays a role in stress re-
sponse pathways, we ectopically expressed the CBL1 protein

Figure 1. Stress and ABA Induction of CBL1 Protein and CBL1 Gene
Expression in Arabidopsis Tissues.

(A) Protein gel blot analysis of CBL1 levels under stress and ABA treat-
ments. Plants were grown on Murashige and Skoog (1962) (MS) agar
medium for 3 weeks and were treated with cold (4�C), NaCl (300 mM),
ABA (100 �M), mannitol (300 mM), water (as a control), or wounding.
Total protein was extracted at the indicated time points. Each lane was
loaded with 30 �g of total protein for SDS-PAGE followed by protein gel
blot analysis using anti-CBL1 antibody.
(B) RT-PCR analysis of CBL1 transcripts in different tissues of Arabi-
dopsis plants. Total RNA was isolated from various tissues (root, leaf,
stem, flower, or silique) of 4-week-old wild-type plants grown under
long-day conditions or from germinating seeds and young seedlings (3,
7, and 21 days after sowing). RT-PCR was performed with either CBL1-
specific primers (top gel) or Actin2-specific primers (bottom gel).
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in transgenic Arabidopsis plants (

 

MAS-CBL1

 

) and examined
the effects on the stress response in these plants. The trans-
genic plants harbored a construct containing 

 

CBL1

 

 cDNA in the
sense orientation under the control of a strong constitutive pro-
moter (Ni et al., 1995). Homozygous T3 lines were obtained by
selfing the 30 original T0 transformants for two generations,
and four lines were selected for further analysis. We examined

 

CBL1

 

 mRNA and protein levels in these plants by RNA gel blot
and protein gel blot analysis and found that all four indepen-
dent lines showed significantly increased mRNA and protein
levels compared with the wild-type control lines (Figure 2).

To determine whether CBL1 overexpression has any effect
on stress response pathways in transgenic plants, we chose to
monitor the expression patterns of several stress gene mark-
ers, including 

 

RD29A

 

, 

 

RD29B

 

, 

 

KIN1/2

 

, 

 

RD22

 

, 

 

DREB1A

 

, and

 

DREB2A

 

, in the control and CBL1-overexpressing lines. The

 

RD29A

 

 (responsive to desiccation) gene has been shown to be
responsive to ABA, drought, cold, and salinity, whereas 

 

RD29B

 

is induced more specifically by ABA and osmotic stress
(Yamaguchi-Shinozaki and Shinozaki, 1994). The 

 

KIN

 

 (cold-induc-
ible) genes also are induced by drought, salt, cold, and ABA
(Kurkela and Borg-Franck, 1992; Tahtiharju et al., 1997). 

 

DREB1A

 

(or 

 

CBF3

 

) is induced specifically by cold, whereas 

 

DREB2B

 

 is
more specific to ABA and osmotic stress (Liu et al., 1998). As
discussed previously, 

 

DREB

 

 genes often are induced earlier
than 

 

RD/KIN

 

 genes, consistent with the fact that DREB proteins
are transcriptional activators for 

 

RD/KIN

 

 genes. Therefore, 

 

RD/
KIN

 

 and 

 

DREB

 

 gene markers can monitor the expression of
both early and late stress-responsive genes. For convenience,
we refer to the 

 

RD29A/COR78/LTI78

 

 gene as 

 

RD29A

 

 and to

 

DREB1/CBF

 

 as 

 

DREB

 

 in this report.
As shown in Figure 2A, the 

 

RD29A

 

 gene transcript was barely
detectable in wild-type plants under normal conditions. By con-
trast, all CBL1

 

-

 

overexpressing plants produced high levels of
mRNA for 

 

RD29A/B

 

, 

 

KIN1/2

 

, and 

 

RD22

 

. The expression level of

 

DREB2A

 

 appeared to be unchanged. Interestingly, the expression
of 

 

DREB1A

 

, a gene specifically responsive to cold, was inhibited
in CBL1

 

-

 

overexpressing plants. Because 

 

DREB1A

 

 was expressed
at a very low level under normal conditions in wild-type plants, we
exposed the x-ray film for 2 weeks in this study. The result indi-
cated that CBL1 overexpression in transgenic plants activated the
expression of a number of late stress-responsive genes even un-
der “normal” conditions. In addition, the inhibition of 

 

DREB1A

 

suggests that CBL1 overexpression exerted negative regulation
on 

 

DREB1A

 

 and possibly other cold-responsive genes.

 

Overexpression of CBL1 Alters the Stress Induction of 
Stress Gene Markers

 

The altered expression of some stress gene markers in CBL1

 

-

 

overexpressing plants indicates that CBL1 might have altered
stress signaling pathways. To examine this possibility further,
we determined if CBL1 overexpression had altered the gene
expression pattern under stress conditions (e.g., high salt,
drought, and cold). Because several independent transgenic
lines behaved the same way under normal conditions (Figure 2)
and under stress conditions in a pilot experiment (data not
shown), we used transgenic line 17 (Figure 2) for detailed analy-

sis of the stress-responsive gene expression patterns pre-
sented in Figure 3. Consistent with previous studies (Kurkela
and Borg-Franck, 1992; Yamaguchi-Shinozaki and Shinozaki,
1994; Tahtiharju et al., 1997; Liu et al., 1998), high salt treat-
ment induced the expression of stress gene markers such as

 

RD29A/B

 

, 

 

KIN1/2

 

, and 

 

RD22

 

 in the control plants, although in
our study the same conditions did not highly induce 

 

DREB2A

 

.

Figure 2. Constitutive Expression of CBL1 in Arabidopsis Alters Stress-
Responsive Gene Expression under Normal Conditions.

(A) RNA gel blot analysis in wild-type (WT) and CBL1-expressing (MAS-
CBL1) plants. Total RNAs (10 �g) from 3-week-old plants grown on MS
medium under normal conditions were used for RNA analysis. rRNA on
the membrane was visualized by staining with methylene blue as an
equal loading control. The gene markers are described in the text.
(B) CBL1 protein levels in wild-type and CBL1-overexpressing lines as
revealed by protein gel blot analysis. The top gel indicates CBL1 protein
level. The bottom gel shows ribulose-1,5-bisphosphate carboxylase/ox-
ygenase (Rubisco) large subunit on the same blot stained with Ponceau
red as an equal loading indicator.
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In CBL1-overexpressing plants, most of these genes, including

 

RD29A/B

 

 and 

 

KIN1/2

 

, already were active before the stress
treatment, as indicated by a substantial level of mRNA accu-
mulation, consistent with the results shown in Figure 2. On top
of the high “background” level, salt treatment further induced
these genes and produced higher “total” levels of mRNA than
those in the control plants.

For clarity, we can divide the stress gene mRNA in CBL1-
overexpressing plants into two pools: one is “constitutive” and
the other is “induced.” To assess the change in the induced
pool, we subtracted the mRNA level at the 0 time point from the
mRNA levels at other time points. We found that the induced
mRNA pool of the 

 

RD29A

 

 and 

 

RD29B

 

 genes in CBL1-overex-
pressing plants was greater than that in the control plants. The
induction of 

 

KIN1

 

 and 

 

RD22

 

 was not altered significantly (Fig-
ure 3A). The hyperinduction of stress genes was more dramatic
in the drought-treated plants. As shown in Figure 3B, in the first
3 h of drought treatment, control plants showed a low level of
induction of 

 

RD29A

 

, 

 

RD29B

 

, and 

 

DREB2A

 

. The same genes
were induced much more strongly in the CBL1

 

-

 

overexpressing
plants.

In contrast to salt- and drought-induced gene expression,
the cold-induced expression of 

 

RD29A

 

, 

 

KIN1

 

, and 

 

DREB1A

 

showed the opposite pattern (Figure 3C). Consistent with the
result that the background level of 

 

DREB1A

 

 expression was
inhibited in CBL1-overexpressing plants, cold induction of

 

DREB1A

 

 was reduced in these plants compared with that in
control plants. More specifically, the early phase of induction
(at 1 h) was reduced by 85%. An approximately twofold reduc-
tion also was observed at 3 and 6 h. Although CBL1

 

-

 

overex-
pressing plants exhibited a greater background level of 

 

RD29A

 

and 

 

KIN1

 

 gene expression than control plants, further cold in-
duction of these genes was reduced in these plants compared
with that in the control. Again, we subtracted the background
level of mRNA from the total pool of mRNA at specific time
points after cold treatment. We found that 

 

KIN1

 

 gene expres-
sion in the CBL1-overexpressing plants remained at the “basal”
level and did not increase during the first 12 h of induction,
whereas control plants showed clear induction within 3 to 6 h.
The induced pool of RD29A mRNA also was reduced in CBL1-
overexpressing plants.

As a stress hormone that mediates a number of stress sig-
nals, ABA has been shown to activate many osmotic stress–
responsive genes, including RD29A/B and KIN1/2. We sur-
veyed the expression pattern of RD29A and KIN1 in control and
CBL1-overexpressing plants after ABA treatment and found no
significant changes in the induction patterns of these genes
(data not shown), suggesting that CBL1 regulates stress re-
sponses without affecting ABA-regulated gene expression.

CBL1-Overexpressing Plants Display Enhanced Tolerance 
to Salt and Drought but Reduced Tolerance to Freezing

As described above, stress responses consist of many molecu-
lar and cellular pathways. Change in stress gene expression is
one of the major indicators of changes in stress responses at a
global level, but it does not necessarily reflect changes in the
stress tolerance of whole plants. Although CBL1 overexpres-
sion modified stress gene expression, this finding may or may
not be consistent with possible changes in stress tolerance in
these plants. As an independent phenotypic analysis, we as-
sayed the survival rate of CBL1-overexpressing plants com-
pared with control plants under various stress conditions, as
described previously (Jaglo-Ottosen et al., 1998; Liu et al.,
1998). We performed initial assays with three independent

Figure 3. Expression of Stress-Responsive Genes in Wild-Type and
CBL1-Overexpressing Arabidopsis Plants Induced by NaCl, Drought,
and Cold Treatments.

rRNA on the membrane stained with methylene blue served as an equal
loading control. All RNA gel blot experiments were repeated at least
three times, and results from one representative experiment are shown.
WT, wild type.
(A) NaCl treatment (300 mM).
(B) Drought treatment.
(C) Cold treatment.
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transgenic lines, 5, 11, and 17 (Figure 2), that behaved in a sim-
ilar manner (data not shown). Detailed analysis was performed
on transgenic line 17, and the results are presented in Figure 4.
CBL1-overexpressing plants displayed greater tolerance to salt
and drought stress but showed a more sensitive phenotype to
freezing. The collective results from three independent experi-
ments are shown in Figure 4D. Under the same salt treatment,
�60% of CBL1-overexpressing plants survived, compared with
a 30% survival rate in control plants. Under drought conditions,
�70% of CBL1-overexpressing plants and 10% of control
plants survived. Approximately 85% of control plants and 46%
of CBL1-overexpressing plants recovered from the freezing
treatment. These stress assay results are consistent with those
in gene marker analysis, but we should emphasize that
changes in stress tolerance are not necessarily the result of al-
tered gene expression in the CBL1-overexpressing plants.
Therefore, the results from gene marker analysis and tolerance
assays separately and independently support the idea that
CBL1 may function in plant stress responses.

Although CBL1 overexpression did not appear to change
ABA-responsive gene expression in the plants, it still may alter
other ABA responses, such as the inhibition of seed germina-
tion. We performed initial assays with three independent trans-
genic lines, 5, 11, and 17 (Figure 2), that behaved in a similar
manner (data not shown). Detailed analysis was performed on
transgenic lines 5 and 17, and the results are presented in Fig-

ure 5. We tested this possibility using a germination assay on
medium containing ABA and found no difference between con-
trol and CBL1-overexpressing plants (Figure 5B). Interestingly,
the same assay on the medium containing high concentrations
of NaCl or mannitol indicated that CBL1-overexpressing seeds
were more tolerant of these conditions than were control seeds
(Figure 5). For example, on medium containing 200 mM NaCl,
two transgenic lines overexpressing CBL1 showed 42 and 58%
germination in 3 days, whereas only 10% of control seeds had
germinated (Figure 5C). On medium containing 450 mM manni-
tol, 30% of control seeds germinated within 3 days, whereas
CBL1-overexpressing seeds had achieved a 60% germination
rate (Figure 5D). These results indicate that CBL1 overexpres-
sion rendered plants more resistant to high salt and hyperos-
motic stress during early development (i.e., seed germination)
but did not alter their ABA response.

Disruption of the CBL1 Gene Differentially Alters Abiotic 
Stress Responses

The constitutive expression of CBL1 in transgenic plants re-
sulted in significant changes in plant responses to salt,
drought, and cold, suggesting that CBL1 functions in the stress
signaling pathways. However, overexpression often is consid-
ered a gain-of-function approach for analyzing the function of a
gene, so these results cannot be interpreted at face value. For

Figure 4. Altered Stress Tolerance in CBL1-Overexpressing Plants.

(A) Increased salt tolerance. Three-week-old plants were treated with 300 mM NaCl (see Methods) and monitored for bleaching during the subse-
quent 2 weeks. The photographs were taken on the 10th day. WT, wild type.
(B) Increased drought tolerance. Watering was withheld from 3-week-old plants for 23 days before the photographs were taken.
(C) Reduced freezing tolerance. After freezing treatment (see Methods), plants were transferred to a growth chamber. The photographs show the dif-
ference on the 8th day after transfer to the growth chamber.
(D) Survival rate. The survival rate (%) and standard errors were calculated based on results from three independent experiments (see Methods).
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example, a high level of CBL1 may result in altered specificity in
its interaction with the target proteins, leading to an altered
function in the cell. In addition, CBL1 overexpression also may
have other nonspecific effects on gene expression. However,
the fact that CBL1 overexpression conferred a positive effect
on drought and salt response but a negative effect on cold re-
sponse suggests that CBL1 function is specific even after over-
expression. Nevertheless, we cannot exclude the possibility
that a gain of function occurred as a result of the overproduc-
tion of CBL1.

To further investigate the function of the CBL1 gene, we iso-
lated a loss-of-function mutant in CBL1 through T-DNA inser-
tional mutagenesis. The T-DNA insertion is located in the 5� un-
translated region of CBL1 (Figure 6A). Analysis of homozygous
mutant plants using DNA gel blots indicated that the T-DNA
line contained a single T-DNA insert (data not shown). The in-
sertion should eliminate the transcription of the gene because it
separated the promoter from the transcription region. Indeed,
both RNA gel blot and RT-PCR analyses of CBL1 mRNA indi-
cated that the knockout mutant plants did not produce CBL1
transcript under normal and cold stress conditions that induced
the expression of the wild-type gene (Figures 6C and 6D). We
also transformed homozygous mutant plants with a 4.26-kb

genomic DNA fragment containing the CBL1 gene to serve as
complementation lines (Figure 6B). These plants showed a
higher level of CBL1 expression compared with the wild-type
plants under normal conditions and were highly inducible by
stress factors such as cold, a property of the endogenous
CBL1 promoter (Figures 6C and 6D). A higher level of CBL1
transcript was observed in several independent complementa-
tion lines, suggesting that it was not caused by variation in the
insertional position in the genome. Because we also made sim-
ilar observations of other genes transformed using the same
vector, the higher level of CBL1 expression in the comple-
mented lines could be an intrinsic property related to the vector
we used in this study.

We examined mutant and wild-type plants under normal
conditions during the life cycle and found no significant pheno-
typic changes in the mutant (data not shown). To determine if
the cbl1 mutant is altered in stress signaling, we compared the
stress gene expression patterns of cbl1 and the wild type by
mRNA gel blot analysis (Figure 7). Under salt treatment, the ex-
pression pattern of RD29A/KIN genes showed no significant
difference between the wild type and the cbl1 mutant, although
the peak of RD29A mRNA accumulation appeared to be de-
layed in the mutant (Figure 7A). Under drought conditions (Fig-

Figure 5. Germination Assays of CBL1-Overexpressing Plants.

(A), (C), and (D) Germination time course (days of incubation at 23�C) on MS medium (A), MS medium containing NaCl (C), or MS medium containing
mannitol (D) was recorded for wild-type (closed circles) and MAS-CBL1 (open squares [plant 5] and open triangles [plant 17]) seeds.
(B) Germination rates of wild-type and MAS-CBL1 seeds after 3 days of incubation at 23�C on MS medium containing different concentrations
of ABA.
Results are presented as average values � SE from three experiments.
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ure 7B), the expression of RD29A and RD29B was reduced sig-
nificantly in cbl1 plants compared with control plants.

Under cold stress (Figure 7C), the induction of gene markers,
including RD29A, KIN1/2, and DREB1A, was altered in the cbl1
mutant. Perhaps the most significant change occurred in the

level of early induction. At the 3- and 6-h time points, RD29A
and KIN1/2 were induced at a higher level in cbl1 than in the
wild type. By 12 h after induction, the mRNA levels were com-
parable between the wild type and the mutant. The change in
DREB1A expression was less obvious, but mutant plants were
observed reproducibly to have slightly higher levels of DREB1A
mRNA than were wild-type plants. The same RNA samples also
were analyzed by real-time quantitative PCR, and these small
differences between the wild type and the mutant were ob-

Figure 6. Isolation and Complementation of the cbl1 T-DNA Insertional
Mutant.

(A) Scheme of the Arabidopsis CBL1 gene. Exons (closed boxes) and
introns (lines) are indicated. The position and orientation of the T-DNA
insertion are shown (not to scale). The numbers represent nucleotides,
and �1 indicates the transcriptional start site for the CBL1 gene. LB, left
border; RB, right border.
(B) Complementation genomic DNA fragment. A 4.26-kb DNA region
containing the CBL1 gene was amplified by PCR and cloned into the
pCAMBIA1300 vector for plant transformation.
(C) RT-PCR analysis of CBL1 from wild-type (Wassilewskija [Ws]), cbl1,
and cbl1/CBL1 plants. RT-PCR was performed with either CBL1-spe-
cific primers (top gel) or Actin2-specific primers (bottom gel).
(D) RNA gel blot analysis of CBL1 mRNA in the wild type (Ws), the mutant
(cbl1), and a complementation transgenic line (cbl1/CBL1) under cold treat-
ment. Four independent complementation lines were analyzed with similar
results, and the result from one line is shown here. Ten micrograms of total
RNA from 3-week-old seedlings was probed with CBL1 cDNA. rRNA on the
membrane was visualized by methylene blue as an equal loading control.

Figure 7. Expression of Stress-Responsive Genes in Wild-Type, cbl1,
and cbl1/CBL1 Plants Induced by NaCl, Drought, and Cold Treatments.

rRNA on the membrane was visualized by staining with methylene blue
as an equal loading control. All RNA gel blot experiments were repeated
at least three times, and results from one representative experiment are
shown. Ws, Wassilewskija.
(A) NaCl treatment (300 mM).
(B) Drought treatment.
(C) Cold treatment.



1840 The Plant Cell

served as well (data not shown). Although DREB1A functions
as a transcriptional activator of RD/KIN genes, we do not inter-
pret the difference in DREB1A expression between the wild
type and the mutant as the cause of changes in stress gene in-
duction by cold in these plants. The complemented line showed
lower induction of all marker genes compared with wild-type
plants, consistent with the earlier observation that higher levels
of CBL1 expression inhibited cold induction (Figure 3C).

We tested stress tolerance in the cbl1 mutant together with
that in wild-type and complemented lines. Figure 8 shows re-
sults from similar stress tolerance assays performed on CBL1-
overexpressing plants. The cbl1 mutant plants were more toler-
ant of freezing treatment but less tolerant of osmotic stress
(drought and high salt) than were wild-type plants. After the
freezing treatment, �70% of cbl1 mutant plants recovered,
whereas 40% of wild-type plants survived. By contrast, �70%
of wild-type plants and only 25% of cbl1 mutant plants sur-
vived the drought treatment. Under salt conditions, the survival
rate in the wild-type group was approximately twice that in the
cbl1 mutant group. The results from these studies of the cbl1
mutant and from the analyses of CBL1-overexpressing plants
both support the hypothesis that CBL1 functions as a positive
regulator of salt and drought response but a negative regulator
of cold response.

We also tested whether cbl1 mutant plants were altered in
ABA response during seed germination, but again, we detected
no difference between wild-type and mutant seeds (Figure 9).
On the high salt and mannitol medium, however, the germina-
tion of cbl1 mutant seeds was inhibited to a greater extent than
that of wild-type seeds (Figure 9). On medium with 150 mM

NaCl, 50% of wild-type seeds had germinated in 3 days but
only 15% of cbl1 seeds had germinated. At day 6, cbl1 mutant
seeds germinated at a 25% rate, whereas 65% of wild-type
seeds had germinated (Figure 9C). Likewise, in 300 mM manni-
tol, germination of both wild-type and cbl1 seeds was inhibited
significantly. However, cbl1 seeds were much more sensitive to
such hyperosmotic conditions than wild-type seeds, with a
�10% germination rate in the 6-day period, whereas wild-type
seeds achieved a 50% germination rate (Figure 9D). Figure 9E
shows that seeds from complementation transgenic plants ex-
hibited comparable germination rates under two different con-
centrations of salt, indicating that the hypersensitivity of seed
germination to stress conditions in the cbl1 mutant resulted
from the disruption of the CBL1 gene.

DISCUSSION

We have identified CBL1, a calcineurin B–like calcium sensor,
as a critical component in plant responses to abiotic stress sig-
nals. Importantly, CBL1 functions as a positive regulator of salt
and drought responses but a negative regulator of the cold re-
sponse. These findings may contribute to our understanding of
several important mechanisms underlying calcium functions in
stress signal transduction pathways.

CBL1 May Represent a Rate-Limiting Component in Stress 
Signaling Pathways

Ca2� may serve as a second messenger in many stress signal
transduction pathways, including those triggered by salt, drought,
and cold (reviewed by Bush, 1995; Sanders et al., 1999, 2002;
Knight and Knight, 2001). However, the molecular mechanism
of Ca2� action in plant cells is not well understood. We have shown
that the CBL1 calcium sensor is highly stress responsive at
both the mRNA and protein levels, suggesting that the CBL1
protein level may play a role in stress responses. Indeed, con-
stitutive expression of CBL1 was sufficient for the activation of
multiple stress genes and enhanced tolerance to both salt and
drought stress in transgenic plants. This finding suggests that
CBL1 is an upstream regulator of stress gene expression and
serves as a rate-limiting factor in some stress response path-
ways. Alternatively, CBL1 overexpression may activate gene
expression nonspecifically. However, results from both overex-
pression and loss-of-function mutant analyses suggest that
CBL1 is a specific component in stress signaling processes.

It is generally believed that cellular Ca2� levels hold the key
to the activation of stress response pathways. Normally, cellu-
lar Ca2� fluctuates below the “threshold value.” Stress signals
typically boost the Ca2� levels over the threshold, leading to the
activation of calcium sensors and the downstream components
in the pathway. Consistent with this view, an increase of cellular
Ca2� by ionophores is sufficient to activate a stress- and ABA-
induced promoter in the absence of stress or ABA application
(Sheen, 1996). Based on our findings in this report, we propose
that levels of some calcium sensors also may serve as a thresh-
old (rate-limiting) factor for the responsiveness of plants to
stress signals. In the case of CBL1, its basal level is low under
normal conditions and is induced by stress signals. The stress-

Figure 8. Altered Stress Tolerance in cbl1 Mutant Plants.

For salt tolerance, 3-week-old plants were exposed to 300 mM NaCl so-
lution every 3 days for three repetitions and monitored subsequently for
bleaching during the next 2 weeks. For drought tolerance, watering was
withheld for 23 days from 3-week-old soil-grown plants before survival
rates were counted. For freezing tolerance, plants treated with freezing
stress were returned to the growth chamber. Surviving plants were
scored on the 8th day in the growth chamber. Survival rates and stan-
dard errors were calculated from results of three independent experi-
ments. Ws, Wassilewskija.
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responsive increase in CBL1 level may serve as a feedback
mechanism for increasing the sensitivity to stress signals. In
CBL1-overexpressing transgenic plants, CBL1 levels are con-
stantly high, so that some stress response pathways are acti-
vated to a certain degree even under normal conditions, when
calcium level is below the threshold. Stress conditions such as

drought and high salt further activate the signaling pathways by
increasing the level of calcium, another threshold factor.

This hypothesis also can explain the results from another
study in which the overexpression of pathogen-inducible CaM
isoforms constitutively activated pathogen-related gene ex-
pression, leading to enhanced pathogen resistance in the

Figure 9. Germination of cbl1 Mutant Seeds Is Hypersensitive to Osmotic Stress Conditions But Not to ABA.

(A), (C), and (D) Germination time course (days after incubation at 23�C) was recorded as described in Figure 5 on MS medium (A), MS medium con-
taining NaCl (C), or MS medium containing mannitol (D) for wild-type (Wassilewskija) and cbl1 mutant seeds.
(B) Germination rates of wild-type and cbl1 mutant seeds at 3 days after transfer to 23�C in the presence of different concentrations of ABA.
(E) Seed germination rates in the wild type (Wassilewskija [Ws]), cbl1 mutant (cbl1), and four complementation lines (cbl1/CBL1) on MS medium (con-
trol) or MS medium containing 125 or 150 mM NaCl. Germination was scored at 3 days after incubation at 23�C. Data from one representative com-
plementation line are shown.
Results are presented as average values � SE from three experiments. Closed circles, wild-type; open squares, cbl1 mutant.
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plants (Heo et al., 1999). In a similar manner, pathogen signaling
pathways also involve calcium fluctuations (Rudd and Franklin-
Tong, 2001). Both this study and the study on CaM function in
pathogen signaling (Heo et al., 1999) identified functional spec-
ificities of different isoforms of the calcium sensor studied. In
the case of CaM function in pathogen resistance (Heo et al.,
1999), only the pathogen-inducible isoforms, but not other iso-
forms, conferred resistance when overexpressed in plants. In
our study, CBL1, but not other noninducible isoforms, con-
ferred stress tolerance to plants (data not shown). Again, this
isoform specificity makes it unlikely that these gene products
exert nonspecific effects on gene expression in plant cells. In
both cases, the basal level of calcium sensors (CBL and CaM)
is low under normal conditions and highly inducible by corre-
sponding stress signals. We hypothesize that the levels of both
calcium and its sensor proteins are important threshold param-
eters in calcium-mediated signal transduction in plants. Suffi-
cient increase in either calcium or its sensors will lead to a cer-
tain degree of activation of the downstream pathway. An
increase in both will lead to a hyperactive response. This may
represent a general mechanism in many calcium signaling
pathways in eukaryotic systems, although to our knowledge
such a phenomenon has not been reported in animal systems.
Our study provides an opportunity to further address how
CBL1 serves as a threshold factor in stress signaling pathways.

CBL1 Mediates Calcium Function in Specific Stress 
Signaling Pathways

One of the earliest responses to stress signals is an increase in
cellular calcium in plants (Bush, 1995; Knight et al., 1997; Sanders
et al., 2002). Later responses include changes in the expression
profiles of a large number of stress genes (Ingram and Bartel,
1996; Bray, 1997; Shinozaki and Yamaguchi-Shinozaki, 1997;
Thomashow, 1999). From calcium to gene expression, a number
of intermediate components may play a role in the signaling pro-
cess. These include calcium sensors such as CaM, CDPK, and
CBL, which are immediate downstream components after calcium
changes (Zielinski, 1998; Harmon et al., 2000; Luan et al., 2002;
Sanders et al., 2002). To understand the function of calcium sen-
sors in stress signaling pathways, a critical approach involves per-
forming loss-of-function mutant analysis of each calcium sensor
and observation of the consequences to the stress response
pathways. Our study showed that disruption of CBL1 function in
the cbl1 mutant resulted in a reduced level under drought condi-
tions but a more rapid gene induction under cold conditions. By
contrast, increased expression of CBL1 activated the drought-
and salt-induced expression but reduced the cold-induced ex-
pression of stress gene markers such as RD29A/B and KIN1/2.
Furthermore, the whole-plant phenotype in stress tolerance also
was altered by overexpression or disruption of the CBL1 gene. To-
gether, these results suggest that CBL1 serves as a positive regu-
lator of the salt and drought signaling pathways and as a negative
regulator of the cold response pathway. This study not only places
a calcium sensor between stress signals and gene expression and
stress tolerance but also reveals the specificity and complexity of
CBL1 function in different stress signaling pathways.

Salt, drought, and cold often activate the expression of the

same genes. One explanation for this fact is that these signals
may share a common pathway leading to the activation of the
genes. Recent studies have identified separate cis-acting ele-
ments (often present in the same gene promoter) and tran-
scription factors that bind to each of them (Thomashow, 1999;
Shinozaki and Yamaguchi-Shinozaki, 2000). These studies im-
mediately suggest that different signals may activate the same
gene by distinct mechanisms. Nevertheless, studies also sug-
gest that these pathways may share common components that
serve as crosstalk nodes between the different pathways
(Knight and Knight, 2001). Our study provides evidence for
both the specificity and overlap of abiotic stress and the ABA
response pathways. For example, drought and cold have been
shown to activate RD29A gene expression by activating the
same cis-acting element, DRE/CRT. However, evidence sug-
gests that different transcription factors, DREB1 and DREB2, may
be involved in drought and cold responses, implicating separate
pathways linking drought and cold to RD29A expression
(Thomashow, 1999; Shinozaki and Yamaguchi-Shinozaki, 2000).

Here, we show that CBL1 regulates the expression of the
same gene differently depending on which stress signal is ap-
plied to the plants. Under drought conditions, RD29A was up-
regulated by a higher level of CBL1 and downregulated by the
disruption of CBL1 expression. Conversely, the cold induction of
RD29A gene expression was inhibited by a higher level of CBL1
protein and enhanced in the cbl1 null mutant plants. This result
clearly shows that distinct pathways exist for cold- and drought-
induced gene expression. Most of the previous studies have
been directed to the transcriptional control of stress genes
(Thomashow, 1999; Shinozaki and Yamaguchi-Shinozaki, 2000).
If CBL1 regulates stress genes at the transcription level, it may
interact with its target kinases, which in turn regulate the activity
of different transcription factors, such as DREB1A or DREB2A,
leading to the activation or inactivation of their target genes.
There is little evidence that stress signals regulate gene expres-
sion by a post-transcriptional mechanism. However, we cannot
exclude the possibility that such post-transcriptional regulation
exists and that CBL1 may be part of this mechanism instead of
or in addition to its function in transcriptional regulation. Further
studies are needed to address the mechanism underlying CBL1
action in the regulation of stress gene expression.

Another result further defines specificity in drought/salt and
ABA signal transduction. It is known that drought/salt triggers an
increase in ABA levels that partly mediates drought/salt re-
sponses, including gene induction. As a result, drought/salt sig-
nal is transmitted by both ABA-dependent and ABA-indepen-
dent pathways. Here, we show that CBL1 positively regulates
the drought/salt response but does not alter the ABA response.
This would happen if CBL1 were involved in the regulation of an
ABA-independent branch of the drought/salt signaling pathway.
Alternatively, CBL1 may function specifically in the early steps of
abiotic stress signal transduction upstream of ABA production.

CBL1 and the Complex CBL-CIPK Network in Stress 
Signaling Pathways

How can one calcium sensor serve as both a positive and a
negative regulator to closely related signal transduction path-
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ways triggered by cold and drought that often activate the
same genes? Possible interpretations are related to the mode
of action of CBL proteins.

In Arabidopsis, the CBL family consists of at least 10 mem-
bers that share significant sequence homology. Each of the 10
members interacts with one or more partner protein kinases
(CIPKs) that constitute a unique kinase family of at least 25
members (Luan et al., 2002). Some closely related CBL mem-
bers may share the same partner CIPKs, although the interac-
tion affinity may differ (Shi et al., 1999; Kim et al., 2000; Albrecht
et al., 2001). Some more distantly related CBL members
interact with completely different CIPKs. Thus, CBL–CIPK inter-
actions form a complex network to mediate Ca2� signaling
functions (reviewed by Luan et al., 2002). Upon calcium in-
crease by stress signals, CBL1 may interact with multiple
CIPKs. Indeed, CBL1 has been shown to interact with a num-
ber of CIPKs in the yeast two-hybrid system (Kim et al., 2000;
Albrecht et al., 2001). Some CBL1-interacting CIPKs may posi-
tively regulate the salt and drought signaling pathways and
some may negatively regulate the cold pathway. Alternatively,
the same CIPK may have a positive effect on the drought path-
way and a negative effect on the cold pathway. Upon overex-
pression of CBL1, both positive and negative regulation would
be enhanced. By contrast, disruption of CBL1 will lead to
downregulation of the positive and negative effects on the
drought and cold responses, respectively. This is consistent
with the finding that drought-responsive RD29A gene expres-
sion is reduced but cold induction is enhanced in cbl1 mutant
plants.

Another possibility is that CBL1 may interact with some
CIPKs that also interact with other CBLs. Such an interaction
network may cause both synergistic and antagonistic effects
on the function of each CBL member. For example, CIPK mem-
ber CIPKx may interact with CBL1 and CBLy (“x” can be any
member of the CIPK family and “y” can be any other member in
the CBL family). If both interactions positively regulate the
drought response, these two CBL members may have a syner-
gistic effect on the drought response. If the CBL1-CIPKx com-
plex functions as a positive regulator of the drought response
and the CBLy-CIPKx complex serves as a positive regulator of
the cold response, CBL1 and CBLy may have an antagonistic
relationship resulting from competition for the same pool of
CIPKx. Normally, this competition will reach equilibrium with
CIPKx partitioned to serve both roles. When CBL1 is mutated,
however, the CBLy member will be dominant and the equilib-
rium will be tipped to the CBLy function. In the cbl1 mutant,
CIPKx will be dedicated solely to the function of CBLy, which
serves as a positive regulator of the cold response, resulting in
an increased response to cold. In CBL1-overexpressing plants,
the opposite tipping of the equilibrium will occur: more CIPKx
will be allocated to CBL1-dependent function (i.e., upregulation
of the drought response) and less CIPKx will be dedicated to
the cold response in the CBLy-dependent pathway. These in-
terpretations may not be mutually exclusive, because they can
occur simultaneously in plants.

Because cold and drought both have a dehydration compo-
nent, some of the cellular responses to these two factors are
similar (Thomashow, 1999; Shinozaki and Yamaguchi-Shinozaki,

2000). In this context, why do plant cells need to have an an-
tagonistic mechanism between the cold and drought response
pathways? This question is difficult to answer, but it certainly
reminds us of the differences between the two pathways and
our limited knowledge of these differences. This study raises
the possibility that calcium sensors provide crosstalk points for
the cell to “coordinate” such differences. A recent study (Kim et
al., 2003) shows that CIPK3, a member of the CIPK family,
functions as a positive regulator of the cold response but has
no effect on the drought response, consistent with the hypoth-
esis that the cold and drought responses involve different regu-
lators. Because CIPK3 does not interact with CBL1 (Kim et al.,
2000), other CIPKs may mediate CBL1 function in plant cells. It
is expected that many other components are involved in the
crosstalk between the different pathways, weaving a complex
network. Further functional dissection of the calcium sensors,
their targets, and their interplay in signaling pathways will con-
tribute to our understanding of this signaling network.

METHODS

Plant Materials, Stress Treatments, and RNA Analysis

Plants (Arabidopsis thaliana ecotype Wassilewskija [Ws] or Columbia) were
grown in a greenhouse under long-day conditions (16-h-light/8-h-dark
cycle) to flowering stage for plant transformation and RNA analysis. For
treatment under different stress conditions, 3-week-old seedlings grown
on Murashige and Skoog (1962) (MS) medium were used. Sterilized
seeds were plated on MS medium solidified with 0.8% agar. For abscisic
acid (ABA) treatment, 100 �M (�)-cis,trans–ABA was sprayed on the
seedlings to ensure total coverage of the foliage area. The plants were
incubated at room temperature under white light. For NaCl or mannitol
treatment, 300 mM NaCl or mannitol was added to the seedlings on MS
plates and incubated at room temperature under white light. For cold
treatment, seedlings were transferred to a 4�C cold room under white
light. For drought treatments, 4-week-old plants grown in potting soil
were carefully removed and dehydrated on filter paper as described by
Yamaguchi-Shinozaki and Shinozaki (1994). Wounding was performed
by puncturing leaves with a hemostat, as described by Kudla et al.
(1999). For RNA gel blot analysis, total RNA (10 �g) isolated using a
Tripure isolation reagent (Roche Diagnostics, Indianapolis, IN) was sep-
arated by electrophoresis on a 1.2% agarose gel, transferred to Gene-
Screen Plus nylon membranes, and hybridized with 32P-labeled specific
probes as described in Results. The membranes were autoradiographed
with Kodak XAR film. Membrane-bound 23S rRNA was stained with me-
thylene blue and used as a loading control. The images were scanned
with a high-resolution scanner and processed using Adobe Photoshop
(Mountain View, CA). All RNA gel blot experiments were repeated at least
three times, and results from one representative experiment are shown
in the figures.

Generation of CBL1-Overexpressing Transgenic Plants

To make CBL1 overexpression construct (MAS-CBL1), the full-length
CBL1 cDNA (Kudla et al., 1999) was digested with NotI and cloned into
pATC940 vector under the control of super promoter (Ni et al., 1995).
The orientation and the junction of the cloned fragment were confirmed
by DNA sequencing. This construct was transferred into Agrobacterium
tumefaciens GV3101 and used for Arabidopsis transformation (see be-
low). Seeds were harvested from these plants and screened on selection
medium (half-strength MS medium, 1	 Gamborg’s vitamins, and 50 �g/mL
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kanamycin) for transformants. The putative transformants (T1) were res-
cued from plates and grown in a greenhouse under long-day conditions.
T2 plants were raised to produce seeds that were germinated to pro-
duce T3 plants. Those T2 plants that produced 100% kanamycin-resis-
tant plants in the T3 generation were considered homozygous transfor-
mants and were used for further experiments.

For plant transformation, Arabidopsis plants were grown in a greenhouse
under long-day conditions (16-h-light/8-h-dark cycle) for 4 weeks before a
floral-dip procedure (Clough and Bent, 1998). Briefly, Agrobacterium cells
was grown in Luria-Bertani broth for 24 h at 30�C. The cells were collected
by centrifugation and resuspended in infiltration medium (half-strength MS
medium, 5% sucrose, 1	 Gamborg’s vitamins, 0.044 �M benzylamino pu-
rine, and 0.04% Silwet L77) to an OD600 of 1.5 to 2.0. Plants were dipped
into this suspension for 30 s and transferred to a greenhouse.

Isolation and Complementation of the cbl1 T-DNA
Insertional Mutant

The CBL1 insertion allele was isolated by screening 60,480 T-DNA–
tagged Arabidopsis lines (ecotype Ws) at the University of Wisconsin
Arabidopsis Knockout Facility. The primer JL-202 (5�-CATTTTATA-
ATAACGCTGCGGACATCTAC-3�) annealing to the T-DNA left border
was used together with CBL1-specific primers (forward, 5�-AGGTAC-
AATTAGGTTCGGTCTAACTGAAA-3�; reverse, 5�-ATTACACCGATT-
AGCTCAGACTTGTTCTT-3�) for the identification of putative mutant
lines. The T-DNA insertion in the mutant (cbl1) was confirmed by DNA
gel blot analysis, and its exact position was determined by sequencing.
Plants homozygous for the cbl1 mutant were used for further analysis.

For complementation of the cbl1 mutant, a 4.26-kb fragment including
the CBL1 coding region and 2.14 kb of the 5� flanking DNA upstream the
ATG codon was amplified by PCR from Arabidopsis genomic DNA (Ws
ecotype) with forward (5�-ATAAGCTTATTAGTACAGAGGGAAGTG-3�)
and reverse (5�-TATCTGCAGCGTATGATGTAATATGTACA-3�) primers.
The PCR product was cloned into the binary vector pCAMBIA1300
(CAMBIA GPO, Canberra, Australia) using HindIII and PstI restriction
sites (underlined in the primer sequences). The constructs were trans-
formed into Agrobacterium strain GV3101 and introduced into Arabidop-
sis plants by the floral-dip method (Clough and Bent, 1998). Transgenic
seeds were plated on half-strength MS medium containing 0.8% (w/v)
agarose, 112 mg/L Gamborg’s B5 vitamin mixture, 50 �g/mL kanamy-
cin, and 15 �g/mL hygromycin. The resistant seedlings were trans-
planted to soil and grown in a greenhouse to produce seeds. Homozy-
gous complemented lines (denoted cbl1/CBL1) were used for further
analysis. All of the PCR procedures were performed using Pfu DNA poly-
merase (Stratagene, La Jolla, CA) to enhance fidelity. All constructs were
verified by DNA sequencing.

Reverse Transcriptase–Mediated PCR Analysis

To analyze the expression of CBL1 by reverse transcriptase–mediated
PCR, total RNA (0.2 �g) from wild-type (Ws), cbl1, and cbl1/CBL1 plants
was heated to 65�C for 7 min and then subjected to reverse transcription
reaction using SuperScript II RNase H
 reverse transcriptase (200 units
per reaction; Invitrogen, Carlsbad, CA) with oligo(dT) primer for 50 min at
42�C. PCR amplification was performed with initial denaturation at 94�C
for 2 min followed by 25 cycles of incubations at 94�C for 20 s, 55�C for
40 s, and 72�C for 1.0 min, with a final extension at 72�C for 10 min using
the CBL1-specific forward (5�-CATCTGTAAATGGGCTGCTTCCAC-3�)
and reverse (5�-CAGTTTGTTTCTTCATGTGGCAATC-3�) primers with
AmpliTaq polymerase (2 units per reaction; Perkin-Elmer). Actin expres-
sion level was used as a quantitative control. Aliquots of individual PCR
products were resolved by agarose gel electrophoresis and visualized
with ethidium bromide under UV light.

Protein Isolation and Protein Gel Blot Analysis

Leaves of 3-week-old Arabidopsis plants were ground to a fine powder
in liquid nitrogen with a pestle and mortar and transferred to a centrifuge
tube containing extraction buffer (50 mM Tris-HCl, pH 7.4, 100 mM
NaCl, 1% Triton X-100, 2 mM EDTA, 2 mM phenylmethylsulfonyl fluo-
ride, and 5 �g/mL leupeptin, aprotinin, and pepstatin). The suspension
was mixed thoroughly for 30 s and centrifuged at 14,000g for 30 min at
4�C. The supernatant was used as a total protein extract and examined
by SDS-PAGE and protein gel blot analysis. Recombinant CBL1 was ex-
pressed and antiserum was generated as described previously (Kudla et
al., 1999; Shi et al., 1999). For protein gel blot analysis, proteins in the gel
were blotted electrically to nitrocellulose membranes (Nitrobind, Osmon-
ics, Minnetonka, MN). Membranes were blocked with TBST (25 mM Tris-
HCl, pH 7.5, 137 mM NaCl, and 0.2% Tween 20) containing 5% nonfat
dry milk for at least 4 h and incubated with affinity-purified polyclonal
CBL1 antibody (1:1000) for 2 h in TBST containing 1% nonfat dried milk.
After multiple washes with TBST, bound antibodies were detected with
peroxidase-conjugated secondary antibodies and a chemiluminescence
kit (Amersham Pharmacia).

Drought, Salt, and Freezing Tolerance Analyses

For the drought assays, watering was withheld from 3-week-old soil-
grown plants for specified times. To minimize experimental variations,
the same number of plants in each comparison group was grown on the
same tray. Watering was withheld from the plants for 23 days before
photographs were taken and survival rates were counted. For the salt
tolerance assays, 3-week-old plants were exposed to 300 mM NaCl so-
lution every 3 days for three repetitions and subsequently monitored for
bleaching for the next 2 weeks. Photographs were taken and survival
rates were counted on the 10th day. For the freezing assays, 3-week-old
plants grown in soil in a growth chamber (22 � 2�C, 16 h of light and 8 h
of dark) were treated at 4�C under light conditions for 12 h for acclima-
tion. After that, the plants were subjected to freezing at 
7�C for 6 h. Af-
ter this treatment, plants were transferred immediately to 4�C under
white light and incubated for 12 h. The plants then were transferred to a
growth chamber. Surviving plants were scored on the 8th day in the
growth chamber. All experiments were repeated at least three times, and
results from one representative experiment are shown in Figure 4. Sur-
vival rates and standard errors (Figures 4D and 8) were calculated from
the results of three independent experiments.

Germination Assay

Approximately 100 seeds each from the wild type (Ws), the cbl1 mutant,
and the cbl1/CBL1 complemented line were planted in triplicate on MS
medium with different concentrations of ABA, NaCl, or mannitol and in-
cubated at 4�C for 4 days before being placed at 23�C under long-day
conditions. Germination (emergence of radicals) was scored daily for 6
days.

Upon request, materials integral to the findings presented in this pub-
lication will be made available in a timely manner to all investigators on
similar terms for noncommercial research purposes. To obtain materials,
please contact S. Luan, sluan@nature.berkeley.edu.
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